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im^m 2 7 1 

B*Ji2 4ie«o^'fi!tSiui3v»T, fEiSi--5jfe^-K3>«, mfe^i=iTi:fl(rie^2 3T<o 
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m 5 0 %mJHX') ^-K-7'f-;UK-9-'fX«:Wi-'2.t<Oi:LT^«l$ix-2.o Z ix h <7i 
K -e «± , ^' 7 K l± , 3l& ^ - K O ^ y ^ > h . 7 -f - ;u K 7>f -r « t L T 5e 

( 0 0 0 5 ) 
[ 0 0 0 6 ] 

mmKi: 4 > r y :^ m i ^ -t ^ 2 (D mw.^ <r> m <D ^ - h'i^^i^m^i~n^T-yt3~ 

■f ^J:t>%. f- ~ ^^mi' a ^ ^ - y m^*^ — mX' ^ Z> o - S J: -S, ^ - k ^ l± # < to 

v\ n m t^m. ^ X ^ o ^ -i > r y ^ ^mmwi^<7)7- - ^-^mmiz^b/z^ x . ^j&s&rzr 

<o J¥ $ S /cli iH * , a CO » H 75- <b J¥ $ i ipi 75* $ < ^ ^ J; ^ ic, o * f) 5fe Sffl U 
* - K i£ $ tL ^ o n T , ^ - K 36^ f IJ ffl T- ^ =J T fl- (± >^ IC ii-^ >t < =5r -5. o =i T *t 20 
f IJ ffl T- ^ ^ * Tfe 8& > 7-* y ^' ;^ . T- - /N- <0 ft J; o T * U ^ X. fb ^ o m a -r tt 

mm^^^^^ ci>^ 4 > f-' y xmm^?^^ t mm > r y ^ a^.^ izm^t^^^ ^ z t ccj; 

l'>T'>'^';^^illS-r^:^ffi(±,X7'5'(M. Guputa)^r7tI^MMJ ("T 
he Handbook of Photonics", Boca Raton. Fla. 
CRC Press, 532-535 (1996))me^$tVTV->-6o 
[ 0 0 0 7 1 

7^ - /N- ft {C » o' < ^ - K ^ tc o T l± > U (Br e n n e r ) h ■ ■^=}- 30 

#m^f&^f<07fcl<^fi£« HSU (IEEE Photonics Techno 1 
ogy Letters, Vol. 5, No. 9, September 1993) tciBi^ 

^ixx^^ . z (D'^i'ii^x {t . w-mm't^^<^ r \tm% <Dmw.^ <^ ^ T -( xi}- h m-m.:f5 

^ ffl -r - Un X $ tL T ^ o -r - /^• ^1 1^ tc f£ IK -r ^ ^ - K (75 -ij- -Y X (± , ^ > 

r y :^ -h^ ^ < ^j: i> <D X m.'P L . m. ^ X 4 > r y :^ i^ii^^ -f i> o Z<7)^m^*^ 

o 

[ 0 0 0 8 ] 

7, 7- if I SI. — y (Stegmuel ler) ibO*BI!|fit^5, 199, 092-f-H:^$ 

*5-^,tj&oT^-K^~fiS;$:, r U i- (Brenner) <bCO^i^$r#tr^««TlJ^f^l-iei£ 
■t^ZtX^^X. - B.«5v>:^<7)^jgiK*5SEffll-r-/fT-*^ US-Si:, ^£v>:^o^5&K 
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[ 0 0 0 9 1 

± le O J^: - X - /^• ® tc *n X. T . -r - «• r a U fS X. T v» 4 ^> O Tjf , 2 O ffi M -5, Tfe 

gS<OMco^-K^«iCfflv^c>n*e -ff > y )l' U (Zenger 1 e) h ^^m^ • Ml-tXm 

^Wi^^n <D ±X^mmiZ^m L (I EEE PKo t o n i c s Te c hn o I 

ogy Letters, Vol. 7, No. 5, May 1995) 2 ^ (7) ^ 

l^^U^aLT^cSsirCElectronics Letters, Vol. 29, No. 
4, February 1993) ICI±. 23^(7)'jra^?&^0#>«'^7--/N-^^cUijnXL 

-So C:oei^et-fflv»c,nfc';Trs^igEK(i24:i:*>«JSJtt56*§|v»<0-C, jSS-I'VT'y^'^^^ 
«jSSS{-«^L-CjE-K^fiKS:^TdWJC(±«^dg^:^ftT-li^v^o jt )U ■? > (Moerma 
n)ic><0^:S:(IEEE Journal of Selected Topics in Q 
uantum Electronics, Vol. 3, No. 6, Decemberl9 
9 7) tcji, ^-KIE^^cfflv>c><^-^.c:<^c>2fi•r-/^•S75^#^$^^Tv»4o 
[ 0 0 1 0 1 

llt,*;)i6T,ggg5-r'5.4>o-eib'2>o 20 

I 0 0 1 1 1 

* * ?g » O* tt If > a a a - » 7^ - S: ffl V» <5 C: t IC i 19 , 1 2^ l± ffe IC il^ T ^ iSS 

7T'f>'^*<7)*s!fi<J^:3T■^Sl±il:s^^Jl 0yum-e*»), > if )\^ ^ - Y-$i > T y if 

¥M*?SS&<7)3r^ft(±. ^^^ol^a^?SS&T'li*afi<jtCiS@l^mJ-J>TT-^^o l/<m 

X' h i> o 30 
(00121 

*f&?g«0Bfi<3(i. ffiS't^^ - K-9-'fXi:-i' >-7=-*-;' i^Xi: i m x. ^ 2 ^ <r> <0 ^ ^ 

'k-f Z> ^ t 7&« dT ffi s- ji«t-r * t T ab -5 o 

[00131 

|6l IC ]1 r>' -6 -7^ - />• (± , 2 2|s:<^S?gtK^*a^r -^o /h $ :^ O ^ 8& # ^: :^ O ^ j^t 
[0014] 

[00151 50 
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ity r -< ^ y 7-' y ^ 7. ^mwi^ t fi[ (T) ^ - v m \,~^^m i: mm-f h \,t \t ^ fg-r 

> r-- y :^^m^m.^ ^ m^L X . Z ix [t %y r t mmta > r y :^ m . ^ T ■< > r 

^ -e it fig $ *t o li . ^ - V m^X^-h^ h h h X ^ z> o ^ ix z> t . 3fe i± flir le iS ^ > 

[0017] 

i{±, -t-K^fifc^ioooiwu^r^-ro ia2iiiBii:ge^fjoflo®Eis-^-fo la 

3i:EI4i:l±, m \ ^-m ^ ft i> ^ - Y ^WL^ <r> ^ -tti-^ti, lE.m t :^ m t i)^ h tzttim m 
i Tji-t o 
[0018] 

^-K^fi!t#l 00 »i, 1&'f>r'yi?;^S»iR!&«^)3Tl 02i:. i«'f>T'yi'X^^?St 
g&<0=rri 04 M3T5-^tr^'7> Kl 0 6 t ^ M . iz^^j:'i-Vi:mm.-ri>i&^ 20 

V -f' y X ii ^ 8& t , /h $ ^ ^ - K fiS: 1- ^ lis > T-' ;^ ^ ^ SS t s ^ $ *v ^ 

z <r>mm<r>m^.x \ ^ ii^mmi&i^x i> i o 

[0019] 

- it 1 1 0 iSi 'f > f-- y ^ ^ i& K (CIS »t T o x - /n* ^ 1 0 8, 1 1 0 
<r> !^ A <nm^\t ^ •r-/^•'Sitl 1 00 — SBl 1 2, ft^Ls (^SP^tJ^t^-zn'^I^I 0 SO 
^\zm.^TLt ti^ X n ICS'S: ^ tzik^.X h Z> o 
[ 0 0 2 0 ] 

3T104<^'f>7='■;'^'X-C-^b'2.n2(*^ 3T102t^'7 7K106co-r>-r'y^'>!.T- 30 

v»o <&'f>T'y^j^M3!!iStK<±, ll3ic^$tL-5,i->H3ri 02^^7-7 Ki oett? 

M^?tt.?.o njli. n3i:l91l7>-{C::^g;v^;^ilt-e. 0< (ni-n3)/n3<0. 1 
tzi)^ hXh ^ o . ^ ^ > r y ^ mm^^ \t . m^\zm^i\.hXokzaT\ 0 4 t ^ 

^ y Y 1 0 6 t X m.^ ^ tl ^ o n2«*> n 3 J: >) l,Z ^ < . 0. 3^ ( n 2 - n 3 ) 

ynjfzi^hX^^o 
[ 0 0 2 1 ] 

7T'f/N'-^-K«±. Bf®-+j***BI3{c^$^a^><7>t|Bl;ai^O-e. ^-K^fiS:f|^7r 

tc^-K|EfiS:S100(^£ffll(Cie-^$*T.-5,o 40 
[ 0 0 2 2 ] 

$l<^<7>i^tCli. llIlU^?^^^i9^c*-K^^f|l 00<O:fe1il;6>«i:fe1fflUf5*?;5.^-K 
[ 0 0 2 3 ] 

m 1 o:£lllT-* - K^'fi!tflUA-2>^ - Kl±, i213tc^$*v^3J&IE&»f®UJ:oTi?!:^$tt 

f'•;/^>;^>3T10 4OT•-/^•S510 8^c*A^<^;^,iT-|±, ^-KltS^r^l^f-T'So -r- 
/-N'l 0 8T-I±, a 7 1 04<7)7K¥ll9*«T-->'N*«ii:^o-Ci5t), & ^ > y mm^iSi^ <o 50 
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PRIORTTV IXFORMATION 



Ttiis applkatios claims pnortoy fmm provisional applination Scr. No. €0/2)7, 168 
filed Inly 10. 2000, and is a conUnuauon-in-pan of Ser. No. 09/841 ,464 filed Apt U 24, 
2001. 



1. Field of die Invention 

Ttie pmcDt invention is in ibe field of optica, ^ecifically in optical trantfonncrs 
or transfatxuBn for lii-dinxiiooally cooking optical racUadon becween two wavpgnkles. 
' Ix Is also In die field of modetramfbrmexs between two wavegnidcs. 



A mode transformer betweeo two different waveguides Is an essential put of an 
optical system where the lightwave (mode) ftom one optical cotT^nnent a coupled into 
anotter oomponenL In optical communication, a mode trensfbrmer between an optical 
fiber waveguide and a bi^ index difference <di£fe«mce in die reftuctivc indices of ooxe 

30 and c bd di n B) planar wavefiuide is cnidal far successAil impleinemation trf planar 
ligbtwave ciicuits (PLC) in fiber commnrucatiocL Therefbie, developing an efficient 
mode transfonncr between wk> waveguides bas been a s«^ject of intense teseaxcb. 

Wheii transform tng the modeji hctM^cen two waveguides with difCeicnt index 
(refractive index) diHcrcnces and/or core indices, high coupling loss arises due to the 

25 difference in die mode size, shape, and mode vekxiiy. For example, die hidcx 
difference and the mode of a fiber optic wav^tide are dififepeiu from diose of a hi^ 
index didecencc planar wavcgiude, resulting in a liigh coupling loss when the fiber opdc 
waveguide ani die high index difference planar wav^nide are cm^led directly. The 
index dificrenoe of a fiber, which is —O.O l , is smaller than that of high index difference 

3 0 waveguides, which is typically equal to or larger than 0.3 in a sqaare channel waveguide 
oonfiguration. making the fiber oiode lariger than the high index difference waveguide 
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mode, A cbaiiDe) waveguide is u dkltsucric wav^'ide whose core is uirroundeil by a 
daddiog thai b composed of a msterisl ur imterials with leftacthre indices lower than 
(bat of the coie. and wberein the peak opdcal imensity residC5 in the core. Hi£h Index 
difference wavegpides can be deruied in other «av«^jde geametries ww>iHtitttg o nb 
5 waveguide. A rib waveguide is a dielectric waveguide whose core is surrounded by t 
dartrting that is coinpased of' materials of which at least one has the same refractive index, 
as that of the core. In waveguide config^iratiODS thai are differenoe from a channei 
waveguide, a high index difference waveguide b defined as one thai bas a mode-fteU 
sUce sLoilar to Ibai of a high index dtfTerence dtaonel wav^imte (within 50 % diffeieibce 

10 in aoss-seciicnial area). In these wavegoldes. claddiog Is defined a& a le^on where the 
evanescent field uf optical modes exists. 

In addnion, the core iadex of the fiber optic waveguide is lower dun that of the 
high index difference planar waveguide causing a mode velocity difference between two 
wavegnides. When sncb a change to mode properties cdns place mo qoiddy, h^^ 

15 power loss arises. 

There have been several approaches to achieve efficteat mode coupling between 
two waveguides with different index difference, including moide transfonnatiou by 
tapering the dimensiOD of hi^ index difference waveguide. Mode transfbnnation by a 
taper has been shown in various publicattmn. Over the catering region of the high index 

30 difference u-aveguidc, die thickness or the width of the waveguide core is gradually 
tapered down from Uiat of the flfionalguidti^; region to a lower tticlmess or wklth. As 
die mode trwels from the nonral gpiding region of the high index difforcnce waveguide 
into the t^perifvg region, the mode experiences decreasing atoount of the core materia). 
The fnctioo of die mode field dbtributioD that exists oufside the coic materia} increases, 

2S changing die smde size, lite index of the waveguide that the mode cTperiences is 

cffecdvely changed by the presence of the taper. In other words, the "effective index" is 
gradually annged by ibt tstper. By gradually changing ttie effective index from Oiat of 
die tow index difference waveguide to that ctf (he higli index difliexence waveguide, the 
mode coupling can be achieved between two waveguides mthoot high kiss. The mdfaod 

3 0 to detennine die etlectiw btdeac is deseribed m **7ft« Handbook efPkototUca ^ Boca 
Raton, Pb. CRC ?re$8, 532-533 (1996) by M. Gupta. 

Mode transformation tMsed on tapering is shown, in the prior art inchtding 1EER 
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Photonics Tecbnolosy Leners. Vol. S, No.9. Sfepceinber 1993 by Breancx <t aJ . In 
this pnMicatiotK the core of Die pitiar waveguide is verticBlly npered down from Ibai of 
the n^ular waveguite. Ttxs mode size propagating fn the lapcrcd region increo^ due to 
tbe rextuction of the efTectivc index, and [jbus the reduction of (he effe^We iadex 
5 diffcTcact. This publication shows the gradaai modg trmnsftirmatiQt^ cyairrinfl iff Pi» 
wave^kle due to the presenoe of a taper. 

U.S. Pu. No. $,199,09Z. issued to Stegqiuelkr ec al. shows the mnpliog of 
modes between tvw> difTerciu waveguides: one broad and one narrow. The two 
waveguides run parallel to one onutfaei and are superiznposed with each other to provide 

10 a superimposics waveguide guklance. Durixig the superimposed xvavegnide guidance, 
one of the two waveguidea is tapered down in vertical dimcnsioa, while the Other 
waveguide dimension is kept coostaot. The role of the tapered waveguide is to provide a 
gradual effeaive index chaqge, and thus mode iraosfonnaiiou, same ts the cases in 
jotraal publiiattons including that by BremiBi et al. The tUfferenoe is the 

15 snperimposliion of the narraw waveguide fai the broad waveguide, providing 
waveguiding in the broad waveguide once the narrow warvegoide is completely 
terminared by the vertical tapei. "Die txroad waveguide is suirouodiog ttx narrow 
waveguide over the whole wavegttkHng distance. The presence of die broad waveguide 
helps guiding the mode once the mode transformatioa is cceoiplete, 

20 lo addition to siqgle taper devices described above, dual tapeis are used in oiode 

transfiormation beiweea two diffexeot wavefiuides. IEEE ntounics Tecbnotogy LecterSr 
Vol. 7. No. 3, May 1995 by Zengeiie et al. , reports a mode txansformer having two 
channel wav^ides. each with a tzpex^ one sitting on top of the other. Electronica 
Le«ere, Vol 29. No. 4, February 1993 by Schwander cl al., reports a luode transformer 

as having two rib waveguides, each with a taper, a portim of one embedded within the 
other. Both of the rib waveguides used hi this art are wealdy guiding and thus it is nota 
suitable method for mode trassforroation to or from a high index difference wav^ide. 
IEEE Journal of Selected Tctfocs in Quautum Electronics, Vol 3. No 6, Decendicr 1 997 
by Mucnnan et al. sunmiaiizes these dual Uper methods fur mode transfomtation. - 

3 0 None of the prior art reports an efficient mode transfonner between a tow index 

difference and a high index difference waveguide. This invention disdosea, for the first 
lime, an efnciem mode trancrfonner based on an embedded dual-taper, uselul fox 
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tnosfonning the mods to ami from a higli index difference waveguide. 

SUMMARY QF THE INVgNTraON 

In accordance wiih. tbe iovcntioii, tbcce is pravidcd an optical mode cansfoniKr 
using asL emt>edded dual-taper, to achieve low-loss mode coupling between two 
S wavqjuidES. me of tficni baving onicta hig}ier index difference than ctie other. The 
tranrfbnnci can be used to ootti>le ao optical node from an optical fiber, wbose typical 
stngle-mode dimenston of the core is appnmunately 10 )im in dianxier» lo the mode in a 
high index diSerecce planar waveguide, whose smgle-mode dimcnuon uf tbe core is 
typically equal to or less than I lun in a cfaaooel waveguide. The index difference of a 

10 square channel waveguide eorreqioBdii\g to a 1 ym single-jnode dhneosioa is •^0.3 . 

Il is an atyanivc of (he invention lo provide a device for Haosfonning die mode 
between two mveeuides widk diOercat inode sizes ami indices. It is another ol^jective of 
the invention to provide a device tn enable low-loss coupllDg between the (^tical fiber 
waveguide mode and the high iodex di^efem:e plaoar waveguide mode. 

15 In the invention, the mode undergoes a low>k>ss trausfonnatkm between a low 

iodex difTerence waveguide and a hi^ index difference waveguide liy traveling dirongh 
the coupling vegian rontaiTiinc a dmU-tqier. The duaMapcr provides a gndnal change in 
(he mode piopenies neccssmy for low-loss, bi-directional mode traosfonxntion. Bodi die 
low index difTereaoe and high index difference wavegiudes ate tapered, in opposhe 

SO directjooK. These cwu of^xisitely runnins upen; are placed so that there is an overlap of 
two waveguides, with rtje smaller waveguide embedded in the tftrgcr waveguide. 

It is an objective of die invention co show tiiat Che duai-(x^)er suucau-c enhances 
nuxle transfomuidon efficiency between two waveguides. It is another objective of Ute 
invention to danonsirste the two t^red wavegnides should be overlapped, with the 

25 oveilappiog length ratting iip from 0. for low-loss mode tiiauisfoiniatioin. 

Tbe embedded dual-taper technology disclosed in this invemion is suitable for an 
efficient mode transformation to and from a hig^ index difference waveguide. ThL? has 
not been possible by the technology shown in prior art, which wi$ limited to a low index 
difference rib waveguide configuration. 

30 To apply tbe invention foi coupling the modes between an optical fiber and a high 

bdex dHference waveguide, the low index difference waveguide can be chosen tn have 
similar index difference, cote index, and mode aize as an optical fiba. The mode ftcm 
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due fiber is huiUQy coupled uv the low index difTerenoe wawguide baviqg similar 
prupertits. Thnefiire Uw coupliog is whieved wlih low lns9 due to the ttmitari^ of tbc 
modes. Onx^ coupled, light is guided in etc low index difference warvegakJe. Then the 
mode ind the effective index of the low index difference waveguide are sntduaUy 
5 chaoged to chose of ibe final waveguide by the duattaper. 

Fipue I b a top view of simplified s^eiaaiic diafnun ctf an ejienplaTy 
embodiment of a roode transformer in aocomlsiice viih the iavendon; 
10 Figape 2 b a side view of the node tnnsfonner shown in Figure 1; 

Insure 3 is frontal view from the left sVite of tlia atode traos^^ 
Figure 1; 

Figure 4 is a froadal view frointho right side of the inodejransfbrmersbowa in 
Figure 1; 

15 Figim: SA is a cro«-aeciloa view of Use wavagutde of Figures 3 aod 4; 

Figures 5B>5F are some possible index profiles along the anowed line 5 inFigme 
SA;and 

Figure 6 is a top view of a mode traosformef with two tapers whose tips are 
considered to be in contact, when D is short cuougl) to aJlow for 0.1 % or higher optica} 
20 nansmisston. 

DETAILED DR.SCRrPTIQN OF THE LNVENTfON 

Figures 1-4 are simplified schematic diagrams of an exemplary cndiodimeni of a 
mode traasfonnej lUO in sccordzncc with the mvcotion. Figure 1 ^ows a top view uf 
the mode traratforroer 100, while Figure 2 shows a side view of the sane transformer. 

25 Figures 3 and 4 show fronial views from the left and ri^t side, respectivdy, of the 
transformer shown in Figure 1. 

The mode transformer todudes a cue IIXZ of a low index difference waveguide, a 
core 104 of a liigti imtex difference waveguide, and cladding 106 nnrouiKling both cores 
to define the low index difference waveguide, which farms a large inode, and high index 

30 difference waveguide, which forms d small mode. Both tngh and low index dilTerencc 
waveguides are ctiannel wav^ides in this embodimeRt. 
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A tapered regtoo 108 of length Li is provided m the low index dUIierence 
waveguide. A laperad regioa 1 10 of lei^lb L» is provided in die Mgb index difference 
v/av^uide. Eacb of tbe tapered regicms 108. UO are configiued to overl:|} u) that a 
poninn 1 12, of length La, of the tapeied resion 1 10 is embedded within tite tapered 
5 region 108. 

The index of (tie core 104. ox is larger iban m flod ns. die indices of die core 102 
and the cladding 106. In die ilhiatrated escenaplaiy embodiDKnt. m is lightly burger dun 
ns. The low index differeoce waveguide is defined tty tlie core ICQ and cladding 106 as 

seen in Figure 3, since m is only slightly larger dian m: 0 < < 0. 1 . On ttte other 

10 hand, the higli index diifcrcncc waveguide is defined ty die core 104 :iiid cladding 106 as 

nen in Hgure 4, since m is much laiger dun ni:0.3^ '** . 

'H 

Hie f3)ei mode, whose cross-sectional dimension is similar to diat shown in 
Figure 3. is eoupled to the left side of dte (node otaosformer 100 as sbown in Figures I 
and 2 when die mode transfDrmer is used to couple fiber to a high index diffierence 
15 waveguide. 

In operation, the mode uaveliag from left to right in die niode transformer 100 as 
shown in Figure 1 ^11 be transfoimed from (hat of tbe low index difference waveguide, 
whose core/cladding indices are m/ss. to that of die high index difference waveguide, 
whose uore/cladding imUces are ntm. 

20 The noode entering die mode tnuufonner on the left side of Figure I is 

determinBd by the waveguide cross-section shown in Figure 3. The optical mode is 
guided by tbe low index difference waveguide, preserving tbe mode characteristics until 
the taper 108 in the hi^ index core 104 is inuoduced, as sbo^it in Figure 1 . In taper 
108 » the core I<M is horizontaUy tapered to gradually change the effecdve index from 

25 diat of (he waveguide mode in the low index waveguide. \^en the core 104 m nanow in 
taper 108. the efiiscave index is dose to thai of the core 102 (and tbe cbKldiog 106), thu.n 
die mode properties are similar. As die eoce 104 is gradually widened, the efTecdve 
index increases accordfaigly. q^iproaching that of the Ugh index diflTeRoce waveguide. 
The raode gradually transforms into a mode in the waveguide* cross-section shown in 

30 PtguTc 4 by the change of the eficctive index. 



(20) JP 2004-503800 A 2004.2.5 



wo A2»500n PTT/llSl 1/4114} 

7 

Die core 102 is lapercd in (be oppasiic dutaiaa bvm Ok vote 104. an 
seen m Fi^iupe 1. Hub capo- tenniiBtes the low index difference vravesuide once the 
mode is coupled into high index difference waveguide. The taper also enhxmccs the 
efficiency of owde transfonuiiion by opiimiunfi the focusing and rcflcctioii of the mode. 
5 The lapeiedregMns 108 8nd 110 oa high iixiexdiffcieiiceazxd low inde^ 

diffeteiice waveguides pnsvidc an efnciem. bi-directional nuxle iranfffonser, since (he 
txpm on the Visfi index difference w»vcs»ide tenninites ibe bigfi index difieiettce 
wavegitidi: once the mode to coupled hno low index diffeience waveguide, mid vice 
vexsa. Tte oiode irauisfionnfti 100 woria for xnodes iravding from 
10 from left to ifgln as shown in Fisures 1 and 2, maldns it a W-direcUonaJ mode 
titnsfonner. 

The taper Seogdi of .the high index core should }x designed to minimiir mode 
tranafhnuatioo loss. Tbe design of the laper in the tow index core should be desigiied to 

minmManft rrflecitan, maxiTniyi«. focai«i«g. smA mg»imlTa affflrfwiey The Oyerl^ pottios 

IS 1 12 Of du tapered regions 108. IIO, should also te cbosen to maximize coupling 

efHciettcy. 

The mode cratisformer of the invention b usel\il far coupling mode fraiD sn 
optical fitiBT to a Ingh imlex difTerenoe waveguide. The fiber mode can be coupled oa 
left side of the tranafonoer fis shown in Figure 1 . whose crossi-secUooal view is sliown in 

20 Figure 3. The index difference between Ibe core 102 arid cladding 106 can be chosen to 
be similsir to thai of fiber ( -O.Ol). The cons/claddins iwUoes and ilms (he mode are 
ainttlar to that of t%ef . resultii^ In a highly elficiatf couplii^. Once ooupled. tfw mode 
will be tcansfonned into that of a high index difference waveguide as described above. 

This coupling technology can be applied to any high index difference %'av^ide 

2 5 systenu. For example, one can use StO; as ihc cladding, SiON as die low index 
difference waveguide core, and SisN« as Ae high index difference waveguide core. For 
die illuscrated exenq>1ary emhodimem, the desigo parameters of Lt»U»SO^im and 
L3»40}im gave a simulaxed values of 75 % efficieocy at the* wzytitagfii of 1.55^m. 
This in an iragjrovenicni over 30% cfficieccy for the case of btitt-coupling without a dual- 

30 taper. The invention is a bi-directional uansformer. which shows similar effitieocies for 
mode ttansfonnalion in bodi directiaas. 

While exemplary embodiments of the inveotiDn have been ilhtstrated with 
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cominious oi liocac (flu edgol) liters* it will be a^reciated dun segmemed or qod- 
tinoRf Uipecs can also be uliZund in uucordmce with ihe inveniton. For caumiple. ihe 
uper ciD bave a stepped taper edige, or o coixave convex shaped taper tdge. 

Figure 5A is a cross-section view of die waveguide of Figures 3 satd 4 . Figures 
5 5B-5F aic some pcnsible iodex profiles aloag the ano^-ed line 5*5 io Figure 5A. Vl'btJe 
exempkuy eotbodimans of fbe iovcndon bave been illusuated wilh step imlex profiles 
between (he ooie aad die cljiWing for bodi low and high indhsi diftiBrBnce wivcgpidei » 
staown in Figures SA and 5B. It will be qipieclBted ihai iMher indac profiles between the 
core and the ctadditig ciQ also be otilized in aGcocdzmce with the invention. 

10 For example, various other index profiles sucb as graded index and step graded 

index profiles can be u&ed as long as the refractive index of the cnrc is higher than ibo 
refractive index of tbc cladding on the average. Such profile* are shown in Figures 5C. 
5P. The varioos index profiles in Figures SB-5F are tlhistraied along the horizontal 
d'treccion fior porposes of lUustnuion, bus can also bo applwd in other difeciioss. 

15 While exemplary embodiments of the htvendon have been aiustiaied with the 

second taper embedded in the fim taper ^ it will be appreciated thai two lapexs whose ti^ 
are ia contact can also be otilned in accordance wkh the iitvemton, witib 0 overlapping 
apci sections. An example of two tiqicrs whose tips are considered to be in contact is 
shown in Fipire 6. When the distance between the enda of dK two tapen 108, 1 10» 

20 shown as D h) Figiire d, a short enough to allow for appreciable transmission effkiency. 
diey diould be considered to be in cooua and have 0 overlappiitg sections, even thoi^ 
they are physically separated. Appreciate transroission eOideiicy is domed as the 

• effxiency higher than (»- equal to 0.1 %. 

While exemplary cmbixHrncnts of d>e inventiun have been illustnUfd with two 

25 channel waveguides, it will be appreciated that other waveguide configurations can be 
used as loqg as the mode-ftdd slzm in cross-secdonal area are similar to dM»c in the 
channel waveguides used in this embodiment. 

AUhou^ the pieseot iovcmioa has been shown and described with respca to 
several preferred embodhnoiis thereof, various changes, onussitms and additions to the 

3 0 form and detail thereof, may he made therein, without departing from the spirit and 
scope of the i&ventioii. 

What is claimed is: 
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CLAIMS 

1 I. A dideoife waveguiite (^cal uuxle tniisfonner comprise 

2 a first dielectric channel waveguide including a tost core having a fim capered 

3 region and surmunded by a claddios; and 

4 a second dielectric channel waveguide inctodhig a second core having a second 

5 tapered region aod airrouxulcd \yy said cladding, a ponioc of said second tapend region 
€ being embedded wiihln said first tapered region with on embedded length laoging 

7 upwards fronO.wtiereia die embedded portiiw of aaidsecoxKl tapered cegH^ 

8 comptetetysortnundedbysaid Ttrntapeicdiegioaintbecioss^secdontza^ 

9 mode uansfozmadoodirecxioo. aod wherein the embedtM 

10 region within said first tapered region ia 0 when die tips of said Tirsc aod second tapered 

11 regions ore m comacL 

1 2. Tbe transformer of ciaijn I. wbei^in said cladding comprises one or more 

2 snaterialt widi differem refractive indices than those of aald first and second cores. 

1 3. Tlxetransfacmer of claini 1. wherein the index of reftaction of s^ first c^ 

2 is graded in the transverse direction. 

1 The trassfbcnier of claim 1, whereb the uideac of fclteion of sakl second 

2 core is graded in tbe tiaosverse dlrecdon. 

1 S. The transfonncr of claim I . wherein (be faidex of lefraction of said cladding is 

2 graded in the transverse direction. 

1 6. The tiansfoxmer of claim I , wherein die index of refraction changes graduoiiy 

2 Erom said first core to said cladding in iSk transverse direction. 

1 T, The transfoimer of daim 1 . wfaere'm the Ind&x of rcftncrinn ehangt^ gr«ftii«iiy 

2 from said second core to sudclttktiog in the tcansfvecse direction. 



1 



8. llie tiansforiner of claim l.wherefai die index of refractkmdi^^ 



3 from said fiist core to said cladding in the transverse ditectioo. 
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1 9. The transtbnDer of claim U wberein the index of refraction dianscs 

2 abruptly froio said second cctfe lo said cUddii^ in dbe iraosverjte direction. 

1 10. The cransfonner of claim 1, wbernn die lips of said fiisc and second tapered 

2 region are to cooiaci if the optical trammissicHi efFtciett^ between said first and said 

3 secood tapered regions is opial lo or aboms 0.1%. 

1 U. Tbetnosforoier of claim l.wfaerein said fijstinidseoood coxes, and 

2 claddkQg are integrated on a {daaar U^itwave drcaii (PLC). 

1 12. The g auafo cin ei of ctaiaa i, wheteinttae index of tefracdon of said first core 

2 is relaiivdy lower ttiaa (he index of refiacdoo of said secood cote. 

1 13. The craztsfortDer of claim I. wherexo the iodcTi of cefractioD cf said first cose 

2 is slightly higher than the index of refraction of &aid cladding. 

1 14. The traiufonner of claim 13. wherein 0< (ni-mVito <0. 1 , where m is the 

2 cefr&ccive index of said rust core and m Is dKcefrBctivetiideic of said cla^ 

1 15. The tiassfiDniier of claiin I. wherein the index of refractkra 

2 coreissuhstimiaUy higher than the ifKlex of lefraciion of said fi^ 

3 claddtng. 

1 16. Tht tnsn&ibrmer of claim IS. wherein 0.3 (Q2>xd)/iu, where ni is the 

2 rcfmciive iiulex of raid fust care, m is the refractive index of said second core, and m is 

3 the refractive isdex. of said cladding. 

1 17. Ttetnosfonner of claim 1« wherein apjopasaixng optical mode to 

2 transformed in size, sh^ and speed as it propagates between sud first core and said 

3 second core. 

1 18. The transfomieT of claim I. wherein a pn^gating opticaf oiode can 

2 . propagate bi-direciioDally between said first and second wawguldes. 
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1 19. The cnosfoimer of dann 1. wtaereiQ said second tapered region 

2 pravkSes an effective index dungie to a propagating <iptical mode. 

1 20. The transfunner of claini 1. wherein said finr lapercd region iiniiiinbcc» 

2 reHectioa of a procagating node aad focuses said propagatizig cnode inn said second 

3 core. 

1 21. The transfotxner of dairo 1. \vt)endn said fim tapered region enbanoei; die 

2 efTtcicncy of mode tnosfonnation of a propagaliiig xoude. 

1 22. The transfonoBr of cbiiu 1. wherein said first and second tapered legjons are 

2 oontiiQious or segmcsitsd. 

1 23. The mmsfoniia- of claim 1. wherein sud rtrsc and socood tapered r^oiu are 

2 linear or noa-Unear. 

1 24. A didectrk: wflVeguVde ofXical iiKide transfovnier comprise 

2 a first dielectric «^avegutde indiiding a Axsi coie having a first mpetod region and 

3 surroundsd by a claddiTig; and 

4 a second didoctnc wav^tde inclodiog a second core faavb^ a second t^iered 



5 region and surroooded by said cladding, a portion of said second tapered region being 

6 embedded within said first t^iered tpgion widi an embedded length ranging upwards 

7 fram 0, wherein sud second core and said cladding define a high index dtfTereace 

8 waveguide, and wherein the embedded portion of said secoxxl tapered region is 

9 completely surrounded by said ijist tapered region in the cross-section transverse to }3y& 

1 0 inude transformation diicction, and wherein tte embedded lengdi of said second tapered 

11 region within said first tapered region is 0 when the tips of said first and second capered 

12 rcgiotn are in contact. 

1 25. ThBtrBnsftirmerofclsim24. whoidnthehulexof refxacckmofsakir^ 

2 core is zdativcLy loweribaa the index of cefcaction of said eeooiul cove. 



1 

2 



26. The transformer of claim 24. wherein a hi^ index difference waveguide is 
defined as a wav^;pide whose mode-field size is within SO % difference in cross- 
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3 sectional area frnrn that of a cbimoel waveguide wlK»e index difierence is ecpial 

4 CO or larger than 0.3. 

a 27. The transformer of claim 24^ wtiereio a pnq»galieg opticU mode is 

2 (ranstomed id size, shape inf speed as h propagates between said first core and said 

3 second cnrc. 

1 28. The transfbnDCr of cbun 2A, wtMVdn a propagator 

2 prupasate tu-directioaaily between said first sixl second waveguides. 

1 29. Tbe tianslbnuer of claim 24, wdieron said second tapered lesinn provides an 

2 efi'ecciye index cbanse to a piopagaiing optical mode. 

1 30. Tbe transft>rmer ot dann 24. wberein said first tapered region minunizes 

3 rcfkciion of a propasatins tnode and focuses said propagating mode into saM second 
3 core. 

1 31. Tlie transfonuer of duni 24, wberein said fnat tapered region enhances (be 

2 efficiescy of mode tr ausfonui tion of a propagailog floode. 

1 32. The tcBDsfooncc of dfttm 24. wtseiein said fim and second tqiered rcpons 

1 33. The txansfiormer of cUum 24, wAerein said first and second tnpered regions 

2 are linear m noi>-linBar. 

1 34. The eransfonrner of claim 24. wttereia die index Of refraction of Mod first 

2 core is graded in the transverse direction. 

1 35. The transformer of claim 24, wherein the index of refraction of .said second 

2 core is graded in die transverse dbectioD. 

1 36. The t iang foaner of chum 24, wherein the index of refiractioa of said cladding 

2 ts graded in die transverse direction. 
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1 37. ThetrsnsfonDCTOf cl«im24, wlkescin the index of refraction cbaog^s 

2 gradually from said fitst cme to said dadding in the transverse dtrectioQ. 

1 38. Tbt iransfonnei of daim 24, igrtierein the index of le&action daises 

2 gradually trom said seeood core to said dadding in the transverse direction. 

1 39. Tbe traxtsfionner of daim 24. ^wherein (he index of refraction duxnges 

2 abniptly from said tirstfxireto said dadding m the traiBverse direct 

1 40. Thetransfaiinerofdaim24. wtaerein the index of refraction dianges 

2 abruptly &om said second ooie to said dadding in the transverse direction. 

1 41. Tbetra2isfiocnierofd;tim24. Whenan the lips of said fast and sBc^ 

2 region are in ocnuaa if tbe opcicat trammiwion efficiency between said first and said 

3 second tapered regions is equal ni or above 0.1 ft. 

1 42. Tbe traosfbnner of claim 24, wherein said txrst core, said second core, and 

2 said cladding are integrated on plAoar lightwave circuit (FLO. 

1 43. Tbe tron^Drmer of dahn 24, wherein said dadding is defined as a region or 

2 c^ions surroumting said first and second cores with lower effective Index than diose of 

3 5»d fust and second cores. 

1 44. The tnuaformei of daim 24, wherein said claddiog is darned as a region or 

2 regions surrounding said first and second cores where tbe evanescent field of (^Kical 

3 nxides exists. 

1 45. An optical niode coiqder conqirising: 

2 a first core having a first tapered region; 

3 a second core having a second tapered regioo. a portion of said second tapered 

4 region being in embedded within said firs tapered region; and a cladditjg surrounding 

5 ' said first and second cores, said dadding otnnprisitig one or more snaicrials with 
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6 diffBTcst rcfnittive indices dun those of said first aad secood cores. 

1 46. A dieleconc wavegukte optical inode irassfonner compTi^^ 

2 a first dtelectric ^'aveguide indudins a fint core liavmg a ftrst upend regioa and 

3 surrounded by a cladding; and 

4 a second <&ioctric waveguide indudzng a second core baving a &econc! tapered 

5 region and surrounded by said daddfng. a portion of said second tapered tegkm being 

6 eizd)cdded widiin said firsi tapered regioo, wherein said cladding comprising one or more * 

7 materials wtib differeot refractive indices dun tbose of said first and second cores. 

1 47. A mediod of bl-directioiially ooupliiig a propagating fiptical mode between 

2 optical regions comprising: 

3 providing a fint core having a first Upered region; 

4 providing a second core having a second tapered region, a portion of said second 

5 tapered r^ioo beii^ embedded within said first tapered re^on; 

6 providing a cladding that surrounds said first and second cores, said cladding 

7 comprising one or more materials with different refractive indices than diose of said first 
& end seccmd cores; and 

9 introdncng a propagating t»ptical taode into either said first or second cores. 

1 4S. A nieihod of bi-dicectionaUy (»uplii% a propagating optica) jnode be 

2 optical regions comisising: 

3 providing a ftrst core baving a first lapered region; 

4 providing a second cons haviikg a secood tapered region, a ponion of said second 

5 tapered r^ion being embedded within s^d first tapered r^im; 

6 providing a cladding that surrouiids said Hrsi and second cores. sakJ cladding 

7 compriting one or more materials wtib different refractive indices than those of said ftrst 

8 ' and second cores: and 
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9 ionodueing 0 prvpagBCing opCtcaC mode fimettfaei of said optical re^oas. 

1 49. A melbod of bi-ilifecciooaUjf oouidiiig a propagoiiiis optical inode between a 

2 high refiracdve iodec region and a low refracrive {ndex region compxisiqg: 

3 piDviding a iirst tow index of leftaction core having a first o^iend region; 

4 providiqg a acoond high index of refraction core baviag a second tiered region, 



5 a porton of said second xstpend xegioa beii^ embedded wiibiD laid fust tapered 

6 refion;pn>vidntg a ciadditkg lhat surrounds said first and second cores, said cladding 

7 Gomprisiqg one or more materials va& difEncnt refractive indices than those of said first 
i sod second cons; and introducing a propagating optical mode into either said first or 

9 second cores. 



1 SO. A method of bi-diimiomJty coupling a prupagaiSng optical mode boween a 

2 bigh refractive index region and a low icirBCtive index region comprising: 

3 jvovriding a ftm low index of refcactioo core having a first t^>ercd regiooi; 

4 providing a second high index of refraction core having a second capered region, 
3 a portion of said second tsfwicd region heiitg embedded widdn said first tapend region; 

6 pravidiiig a cUddiiig Oiat mrmmds said first and second cores, said daddiag 

7 oomprisiQg one or more materials with different refractive indices dian itiose of said first 

8 and second coies , and 

9 introducing a propagating optical nxtde into either «Bid high icfraciivc index 
10 region or said tow refractive index region. 



(29) 



JP 2004-503800 A 2004.2.5 



//J 



lOO 



lOZ 

optical Fiber Side 



FIG. 1 



PCT/ILSaiMlU? 




'High Index 
Difference 
Waveguide Side 



Ixm An Core 
i02 



-iOO 




Clodding 



TT 



High Lti Core 



FIG. 2 




FIG. 3 



FIG. 4 



SUBSTITUTE SHEET (RULE 26) 



(30) 



JP 2004-503800 A 2004.2.5 



PTT/IKI 1/41 142 



2/3 



I06 ^lOO 

{ y 



5^ 



FIG. 5 A 



FIG. 5B 



- FIG. 5C 



- FIG. 5D 



FIG. 5F 



- FIG. 5F 



SUBSTITUTE SHEET (RULE 26) 



(31) 



JP 2004-503800 A 2004.2.5 



PTT/ILSIIMIIO 




SUBSTITUTE SHEET (RULE 26> 



(32) 



JP 2004-503800 A 2004.2.5 



m^i^m > y y h ( ^ u h /< - y a > ) j 



li2) I.N I rRN'.vifu.Nxt. ippt.icA'itciM in.<Ki.tsHKji ii.\i)»:k thk KVirN r c'OOfi.R^nOM'HKvrv trtjt} 



1 19) lorrllecmsl Propcrn Orf antzaf Ion 



[illlSlilinilllllDSIllIlliDaillllllBD 



iO) latcrnalaaiial PoMialiua DaU 
17 .lannao 21102 (17.0I.2IH»2) 



PCI 



IIO) Intcrvailoaal PvUlotioa Number 

WO 02/005000 A3 



(SI) lalvnalioBidnilKaiOMMfiaMim': Gt2Blif30.t«ft2 
4'21) laMnatianalAppHrMiaaNMniWr. PCTA:50l/<&t:42 



(341) Pr'writ} nam: 

fttiTMUh* lOJtiv ;nnf».'tnxrT.2fticii m 



(71) ApfriiTdKI: MASSACHI SETTS INSTITITC OP 

T»"4.rM.>»OI^;V IllVltSI: 77 Mi«Hm.'l»>wi..> Awtmr. 
Oimttridpr, M.V 0:iJt9 (US). 

t r2> iMvnttorj: LEC, KivIm. IL: IM 3nl j>nvA C'a:r>h(l;(c 
MA 02141 il.'.Si W4UA. Ikmml: Si Mil' Sncs:. I«i- 
li^w. MA (MS). DnmoNtf: 'Ik Tkintilikn 

Sum «1f)(i. C4rihik^-«. MA liZUi OKt KTMFBI.IHa 



II IS). 

AKnra 4:OKNOKS. Mmtttw. K. « lI.. VmiwK. 
IhMlder £ SmriK, LU'. S«dic l^UtlL 215 Ihui^tb* Swd. 

ih-Mfcin. MA a.^ni}ii'«ci 

(St) DoifcaurJ fltaio ttttttiokil}: C.'A. JP. KR. 

(t4) DvM«aat««l StmUn nrjtmmilf: liov^vMi pa^Mil Uli. 
til, t.'Y. Ml-:. liK. IK. I'l. VK. lift, tin. tlL IT. i.« . M<:. 
M.. IT 5lj. TR t 



6 Mint-. 3(103 



I (54 lillK: frlUtUil KANlttOIUILK H 1:1 WLU-N LUW INUliX UUU liKliNCli WAVbUU Wti AMU HIUN lt4UUX Ull'I'liKliNU: 
I WAVI-tMUni! 



< 



o 

o 



/ae 

optical Fiber Side 




/OO 



^^^^^^'High Index 



Waveguide Side 



(5T) A|nira«l: A r^ide UMtfanMr i KM) Uiui ansMrt Iim» lit«iiiKMiplifif MHMMntotlnl mide^uf ^mi «m«fuiJK» «ilh*;i.TrTeR-. 

(iUIcfCRCs. 'IK- rk^Ic anJ ilii-cr.ccnc inJrv ac iradwil^ chM-.^Stf Kclwiat l»o wiMcriiUck u: (niJuitty irfiiM.wm iHc 
:i-.t«I.: okttw. <ii#A.-,:inl »-;ih ••imuiHin \%M.<n U«k Tlv iriul: 'j:aBil\ai:i>:i Ss tiMrful <wr'l- tiT mi u|i(ii3il RtK-r 

wnvrynii: wjiN kiw im^-x 4:i Jimkv M» lh>s ntmks likf it pfaixn h>4t '.iuIoa ditUwnn.* «fcit«vrwKl.:; Kxl »>v vena. 



(33) 



JP 2004-503800 A 2004.2.5 



IMTERNATIONAL SEARCH REPORT 



PCT/US 01/^1142 



A OjtsaWATlOH or SUBJECT HATTeR , 

IPC? G02B6/30 fi02B6/l2 



IPC 7 G02B 



EPO-lRternal . INSPEC. XBN-TCB, COKFENDCX. PAJ 



c.DoemiafrecowsgogDTOoeweLevAKT 



SCH«AKDEft T ET AL: "SIMPLE AND LOlf-LOSS 
FIBBE-TO-CHIP COUPtJNG BY INTEfiBATED 
FJELD-HATCHIKG WAVE6U1DE I« INP- 
ELECTRONICS LEHERS, lEE STEVEMABE, SB. 
vol. 29. no. 4, 

18 February 1993 (1993-02-18), pages 

XP0003460S1 
ISSN: 0013-5194 

page 326 -page 327, paragraph 2; figures 

OE 43 08 510 A (SIEMENS Afi) 

22 SeptenOer 1994 (1994-09-22) 

colURin 4, Mne S4 - line 66; ffgures 1,2 



1-50 



jiTI PWMitam«vaM«««t*«*i t] 



«r prtOrthr 4KI »m M eft < 




6 Deceober 2002 



17/12/2002 



Elflein, U 



(34) 



JP 2004-503800 A 2004.2.5 



INTERtMATIOISIAL SEARCH REPORT 



PCT/US 01/41142 



c^CMKwraen} ooewmn* eewsiouiED to k mxs9im 



EP 0 a45 690 A (FUJITSU LTD) 

3 June 1998 (1998-06-03) 

co1u:»i 39, line ZZ - line 58; figures 

50.5l,56A 

colusm 41, line 49 -^olum 42. Tine 21 

S07TINI S ET AL: "OPTICAL FiBCR-POLimES 
&UIDe C0UPLIN6 BY A TAPERED GRADED INDEX 
GLASS eUIDE" 

IEEE JQURttAL OF QUAnTUPl ELECTRONICS. IEEE 
IMC. NEW YORK, US, 

vol. 31, no. 6, I June 1995 (1995-06-01), 
paoes U23-1130. XP000510144 
ISSN: 00}a>9197 
abstract; figure I 

CHO H S ET AL: "Unbalanced facet output 
power and large spot size ln 1.3 &ii1cro:fo 
tapered active stripe lasers" 
ELECTRONICS LETTERS. ICE STEVE«ASE, GB, 
vol. 33, no. 9. 

24 April 1997 (1997-04-24). pages 781-782. 

XP0O6007371 

ISSN: 0013-5194 

page 781, left-hand coliun 



45-50 



3-7, 
34-38 



(35) 



JP 2004-503800 A 2004.2.5 



INTERNATIONAL SEARCH REPORT 



iSieii in uariii rcaort 



PCT/US 01/41142 



22-09-3994 DE 



430S510 M 



22-09-1994 



EP 0845690 



03-06-1998 



EP 
US 



10160976 A 
0845690 A2 
6112002 A 



19-06-1998 
03-06-1998 
29-06-2000 



■^.itt tvnafj»K (i>*«>-ii0i%' <'nM)ULy lasq 



(36) JP 2004-503800 A 2004.2.5 



7D > h^-->'<OMI^ 



T^')i]^^m ■7-9-^jL--t y y -9— K h - h 143 #3 

(72) 7 5^ iiX^ 

(72)11?^^ 'J A T-'X^>K 

T;^';*-g-mH ■v-9-^i--t: y y >5->r"J y v J^hU-h 218 #10 

6 

T;><'J*-^?feH -r-y-^i — -fcy y a>a-K Xhn^^'J— n- K 369 

F5'-A(##) 2H047 KA04 KA08 KA13 LA23 RA08 TA17 



